Primary neurulation is the process by which the neural tube, the precursor of the brain and 33 spinal cord, is shaped from an open single-cell layered epithelium, known as the neural plate. 34
These morphogenetic events have mostly been studied in amniotes (mouse and chick) and 35 amphibians (frogs), where conserved mechanisms were identified. Following neural 36 induction, the neural plate ( Figure 1A ) narrows and elongates by convergent extension 37 movements 1,2 . The morphology of the neural plate is further changed by bending in a 38 biphasic manner, initiated at hingepoints 3 . The first morphological event is the formation of 39 the medial hingepoint (MHP), which bends the flat neural plate into a V shape, forming the 40 neural groove ( Figure 1B) . Neural folds at the edges of the neural plate are subsequently 41 elevated by this neuroectoderm-intrinsic force and also by the expansion of the head 42 mesoderm in the cranial region 4 . In the second phase, the neural plate bends and folds at 43 paired dorso-lateral hingepoints (DLHPs), which brings the neural folds closer together 44 ( Figure 1C ). The neural folds eventually meet and fuse at the dorsal midline, completing 45 neural tube formation. The dorsal midline is subsequently remodeled to separate the inner 46 neuroectoderm from the outer non-neural ectoderm fated to become the epidermis ( Figure  47 1D). In the cranial region of amniotes, neural tube closure is initiated at several sites and 48 extends via a zippering process either in a unidirectional or bidirectional manner from these 49 closure points to seal the neural tube. Incomplete cranial neural tube closure occurs 50 frequently, resulting in anencephaly and exencephaly 3 . 51
Several cellular mechanisms have been identified that contribute to the bending of the 52 neural plate, among which apical constriction is the most studied 5-8 . A meshwork of F-actin 53 accumulates at the apical cortex of neuroectodermal cells and contracts, thereby reducing 54 the cell apex during neural tube closure (Figure 1b1 ). The contraction is driven by the 55 molecular motor myosin that co-localizes with F-actin at the apical cortex. Disruption of F-56 actin using drug inhibitors or in mice deficient for regulators of the cytoskeleton such as 57 Shroom3, the actin-binding protein vinculin or a RhoA-specific GEF (GEF-H1) causes severe 58 cranial neural tube defects 5, [9] [10] [11] [12] [13] [14] . Similarly, treatment with blebbistatin, an inhibitor of non-59 muscle myosin II activity, impairs apical constriction of hingepoint cells in the superficial layer 60 of the Xenopus neural plate 15 . 61
In contrast to hingepoint formation, the cell intrinsic mechanisms that shape neural fold 62 cells are less understood. The neural folds are bilaminar, consisting of a layer of 63 neuroectoderm capped by a layer of non-neural ectoderm 16 . Neural fold fusion involves the 64 formation of cellular protrusions (filopodia and lamellipodia) that span the midline gap and 65 establish the first contact and attachment points with neural fold cells from the contralateral 66 side [17] [18] [19] (Figure 1c1 ). There is little consensus on the cell type, neuroectoderm or non-neural 67 ectoderm, that generates the cellular protrusions as it varies depending on the species and 68 the axial level. In the mouse forebrain, the initial contact is made by neuroectodermal cells 69 17, [20] [21] [22] [23] . Treatment with Cytochalasin D, an inhibitor of actin polymerization or genetic ablation 70 of the cytoskeletal regulators Rac1 or Cdc42 blocks the formation of protrusions and prevents 71 neural fold fusion 19 , revealing the central role of these cellular processes. 72
Though more anterior regions of the neural tube undergo primary neurulation as 73 described above, most vertebrates also exhibit a distinct type of neural tube formation in 74 more posterior regions, termed secondary neurulation. During this process, a mesenchymal 75 cell population condenses into a solid neural rod that subsequently epithelializes and forms a 76 central lumen 24, 25 . The mechanisms of neural tube formation in zebrafish have been the 77 source of considerable debate, and it has been proposed that they are unique among 78 vertebrates 26 27 . In zebrafish, the neural tube in the hindbrain and trunk region initially forms 79 a solid rod (the neural keel) that later develops a lumen, a process seemingly analogous to 80 secondary neurulation 28 . However, examination of the tissue architecture in zebrafish 29-31 81 and other teleosts 32,33 revealed that the neural rod is shaped by infolding of a neural plate 82 (albeit incompletely epithelialized), which best fits the description of primary neurulation 26 . 83
Despite this evidence, differences in tissue architecture, the mesenchymal-like character of 84 the neural plate and the apparent lack of hingepoints, neural groove and neural folds are 85 difficult to reconcile with a mode of primary neurulation and have contributed to the persistent 86 view that neural tube formation in teleosts is different than in other vertebrates [34] [35] [36] . 87
We show here that, in contrast to the zebrafish hindbrain and trunk region, the process 88 of neural tube formation in the forebrain of this teleost exhibits the hallmarks of primary 89 neurulation observed in other vertebrates. We observe the presence of hingepoints and 90 neural folds in the epithelialized anterior neural plate (ANP), demonstrate that formation of 91 the MHP involves oscillatory apical contractions that progressively reduce the apical surface, 92 and show that disruption of myosin function impairs apical constriction of these cells and 93 neural fold convergence. We further show that neural tube closure is initiated at two separate 94 sites in the forebrain and that fusion of the neural folds is mediated by filopodial-like 95 extensions of neuroectodermal cells that bridge the midline. These findings identify 96 conserved mechanisms of primary neurulation that were previously overlooked in teleosts 97 and support the suitability of zebrafish for understanding the etiology of human neural tube 98 defects. 99 mesenchymal superficial core and a marginal or deep layer. These layers will henceforth be 123 referred to as the superficial and deep layers, respectively (s and d in Figure 3A ,B). The YFP-124 positive lateral edges of the ANP elevate, migrate over the eye field and fuse medially at 7 125 som to form the telencephalon ( Figure 3C -D) 37,38 . By 7 som the multilayered ANP ( Figure  126 3A, B) resolves into a single-cell layered neuroectoderm and Ivanovitch et al. (2013) 37 have 127 shown that this process involves radial intercalation of superficial cells between deep 128 marginal cells, which also contributes to the expansion of the optic vesicles ( Figure 3F, G) . 129
While the morphological changes and cellular dynamics that form the eyes are quite well 130 understood 37,38 , the accompanying events that shape the forebrain are for the most part 131 unknown and the focus of the current study. To investigate whether the ANP bends and folds around hingepoints to bring neural folds in 136 close apposition, we examined the cytoarchitecture of this tissue in embryos at stages 2-10 137 som, labeled with phalloidin (filamentous (F) actin), anti-Sox3 (neural cells) and anti-p63 138 (epidermal cells, nuclear label) ( Figure 3E -H). 139
We found that at 2 som, neural cells appear mesenchymal with no visible polarized 140 enrichment of F-actin ( Figure 3E ), consistent with previous observations 37 . The epidermis at 141 this stage is in a far lateral position (white arrowhead in Figure 3E ). 142
Between 2 and 5 som, cells undergo rapid epithelialization, as evidenced by foci of F-143 actin enrichment in the medial/superficial region (M in Figure 3F , I) and in two dorso-lateral 144 clusters in the deep marginal layer (DL in Figure 3F , I). The apical surfaces of the 145 epithelialized superficial cells appear to constrict and orient towards the midline, resulting in 146 the formation of a medial neural groove (asterisk in Figure 3I ). Similarly, the paired dorso-147 lateral clusters of epithelialized cells in the deep layer are also apically constricted and the 148 neuroectoderm bends and folds sharply at this level (red arrows in Figure 3I ), elevating the 149 lateral edges of the ANP above the superficial layer and bringing them closer to the midline. 150
These data suggest that the medial and dorso-lateral cells enriched for apical F-actin may 151 function as hingepoints. Similarly to amphibians whose neural plate is bilayered 40 , the 152 putative medial hingepoint in the zebrafish ANP forms in the superficial layer and is therefore 153 more dorsally positioned than its chick and mouse counterpart. However, the zebrafish dorso-154 lateral hingepoints form in the deep layer. 155
The lateral edges of the ANP are bilaminar at 5 som, consisting of a layer of The neural fold and putative hingepoints are transient as they are no longer observed 164 in 7 som embryos. By this stage, the tips of the neural folds have converged medially and 165 fused, forming the telencephalon ( Figure 3G ). These cells are enriched for apical F-actin at 166 10 som, indicating that they epithelialize ( Figure 3D ). The non-neural ectoderm still occupies 167 a lateral position at 7 som ( Figure 3C , arrowheads), however by 10 som these cells migrate 168 and fuse dorsally (single arrowhead in Figure 3D ), indicating that, as observed in mice, the 169 neuroectodermal component of the neural folds meet first ( Figure 1 ) 20,21 . Measurements of 170 the distance between the medial-most p63-positive domain and the dorsal midline at stages 171 2-7 som indicate that the non-neural ectoderm portion of the neural folds converges steadily 172 towards the midline and may provide a lateral force that contributes to the displacement of 173 neural folds ( Figure 3J ). 174
These observations reveal that transient medial and dorso-lateral epithelialized cell 175 clusters may be the functional equivalents of the MHP and paired DLHPs of amniotes (and 176 will be referred to henceforth as such), as they form at the right time and place to contribute 177 to the formation of the neural groove (MHP), bending of the neuroectoderm and medial 178 convergence of the neural folds (DLHPs). 179 180
Cell shape changes underlying DLHP and neural fold formation 181
To capture the dynamics of neural fold formation and image neuroectodermal cells at higher 182 resolution, we mosaically expressed membrane-targeted GFP (mGFP) and imaged embryos 183 at the 2-10 som stages in transverse sections ( Figure 4 ). 3D reconstructions of some of these 184 images were generated to gain a better understanding of the spatial relation between labeled 185
cells and image cellular protrusions in multiple planes (Supplemental Figures 1, 2). 186
At 2 som, cells in the deep layer have a columnar shape with one end in contact with 187 the basal lamina and a future apical surface oriented towards the midline ( Figure 4A ). These 188 cells extend membrane protrusions into the superficial layer, which may promote radial 189 intercalation (inset in Figure 4A ). Figure 4B ,b1). The bilaminar organization of the neural folds is 194 clearly visible at this stage. Neuroectoderm cells within the neural folds (arrows in Figure 3b1 These data reveal that the average length of DLHP cells increases while their apical:basal 217 ratio decreases between 2 and 7 som, coincident with optic vesicle evagination. They also 218 confirm that neuroectoderm cells of the neural folds elongate and adopt the reverse 219 configuration, with basally constricted poles. 220
These findings indicate that zebrafish DLHP cells adopt a wedge shape similar to the 221 cytoarchitecture of DLHPs in amphibians and amniotes, which enables epithelial bending. 222
They further identify basal constriction of neuroectodermal cells in the neural folds as a cell 223
shape change that contributes to neural fold formation. 224
225

MHP cells constrict apically and elongate 226
While mosaic expression of mGFP enabled high resolution imaging of DLHPs and neural 227 folds, it resulted in few cells labeled in the medial superficial layer, where the MHP forms. 228
Phalloidin labeling was therefore used to image these cells in 2 and 5 som embryos. 229
At the 2 som stage, some but not all medial/superficial cells immediately below the 230 enveloping layer (EVL) are apically constricted, forming the MHP ( Figure 6A Measurements of the apico:basal surface ratio of MHP cells in 5 som embryos 237 confirmed that they are wedge-shaped ( Figure 6c1 ). Similar to amphibians 41 , apical 238 constriction appears tightly coupled to cell elongation, as the length-to-width ratio (LWR) of 239 MHP cells increases significantly between 2 and 5 som ( Figure 6c2 ). Thus, both apical 240 constriction and cell elongation appear to shape the MHP and contribute to tissue-level 241
morphogenesis. 242
Another contributing factor to hingepoint formation in amniotes is the basal location of 243 nuclei in both the medial and lateral hingepoints 42,43 . To evaluate the relative apico-basal 244 position of DAPI-labeled nuclei in MHP cells, we measured the distance between the dorsal 245 nuclear surface and the basal pole of MHP cells as a fraction of the total cell length ( Figure  246 6c3). This analysis revealed that at 2 and 5 som stages the position of the nucleus does not 247 change significantly and is therefore unlikely to contribute to wedging of this cell population. 248 249
Oscillatory constrictions progressively reduce the apical surface of MHP cells 250
To gain a better understanding of the dynamics of apical constriction and cell internalization, 251 the ANP of embryos ubiquitously expressing mGFP was imaged from a dorsal view using 252 time-lapse microscopy between 2 som to 4 som (n = 2 embryos, Figure 6D and Supplemental 253 In mice, neurulation proceeds unevenly along the anterior-posterior axis with multiple closure 279 initiation sites 3 , raising the question of whether neural fold fusion also occurs asynchronously 280 in zebrafish. To address this, we performed time-lapse imaging of embryos mosaically 281 expressing mGFP from a dorsal view around the time when opposing neural folds approach 282 the midline (n= 2 embryos, Figure 8A and Supplemental Figure 4 ). Neuroectoderm cells of 283 the neural fold were identified based on their elongated shape and dorsal location (unlike 284
MHP cells they do not become internalized). 285
These movies revealed that the neural folds have an arc shape with the apex 286 positioned anteriorly (red asterisks in Figure 8A ), which is strikingly similar to the expression 287 domain of the telencephalon marker emx3 at the onset of neural fold convergence (inset in 288 We report here on mechanisms of forebrain morphogenesis in the zebrafish embryo and 370 reveal that this region of the brain is formed via a mode of primary neurulation, involving the 371 use of hingepoints and neural folds. 372
The zebrafish MHP and paired DLHPs form in the superficial and deep layers of the 373 eye field, respectively. The zebrafish MHP is more transient than its mammalian counterpart 374 since these cells eventually intercalate radially between deep layer cells, contributing to the 375 expansion of the eye vesicle 37 . Hingepoints are restricted to the ANP in zebrafish, however 376 they are also present in more posterior regions of the neural plate in amniotes. Despite this 377 difference, individual cells in the medial zone of the hindbrain neural plate were recently 378 shown to internalize via a myosin-dependent mechanism 46 . Such variation from the 379 organized cell clusters forming hingepoints in the forebrain region of the zebrafish could be 380 explained by the precocious epithelialization of the ANP 37 . It thus appears that there is a 381 transition from clustered internalization mediated by the MHP in the forebrain to individual cell 382 internalization in the hindbrain region. 383
A key feature of hingepoint cells is their reduced apical surface, which is in part due to 384 actomyosin contractility 13,41,47,48 . Apical constriction is thought to function as a purse string to 385 generate the force required to bring the neural folds together during cranial neurulation 49 . We 386 provide evidence that the zebrafish MHP also utilizes an actomyosin-based contractile 387 system. Assembly of this actomyosin network occurs via pulsed contractions with gradually 388 decreasing amplitude, akin to the ratchet model first proposed in Drosophila and C. elegans 389 50-52 and later reported during neural tube closure in Xenopus 53 . We further show that 390 disruption of myosin impairs neural fold convergence. These observations indicate that the 391 actomyosin machinery is used across all vertebrate models of neurulation to drive cranial 392 neural tube closure. 393
In contrast to the MHP, the paired DLHPs do not require myosin to apically constrict, 394
suggesting that DLHP formation is regulated by a distinct mechanism. Consistent with this 395 observation, McShane and colleagues report that cell packing at a dorso-ventral boundary in 396 the mouse neural tube causes buckling of the neuroectoderm at the DLHPs 54 . It is possible 397 that such a mechanism also operates during zebrafish neurulation. 398
Neural folds in chick embryos form via a series of steps involving epithelial ridging, 399 kinking, delamination and apposition 16 , although the cellular basis of these morphogenetic 400 events is not well understood. Elevation of the neural folds in the mouse cranial neural plate 401 is dependent on expansion of the head mesenchyme 55 . Neural folds in the zebrafish are 402 restricted to the ANP. The head mesenchyme is unlikely to play a significant mechanical role 403 in neural fold elevation in zebrafish as the mesoderm layer immediately underlying the ANP is 404 thin. We identify instead a neural fold-autonomous cell behavior, basal constriction, that may 405 contribute to the early stages of neural fold elevation in zebrafish and possibly also in 406 amniotes. Given that the neural folds converge medially, increasing the surface of apposition 407 between the neuroectoderm and non-neural ectoderm, it is possible that basal constriction is 408 transient and involves successive rows of neuroectodermal cells, akin to the epithelial rolling 409 model described by Keller and Shook 56 . 410
The final step of primary neurulation involves the convergence and fusion of the neural 411 folds at the dorsal midline. Neural fold fusion is initiated at closure points in mammals and 412 birds, however their timing and the order in which these points close varies across species 57 . 413
We observe two closure points in the zebrafish forebrain that form an eye-shaped opening 414 that narrows from the corners in a bidirectional manner. Fusion of the neural folds is 415 mediated by the formation of dynamic, actin-rich cellular protrusions that span the midline 416 and establish the first points of contact with neural fold cells from the contralateral side. Akin 417 to mice 20,21 , the cells that initiate contact between apposing neural folds in zebrafish derive 418 from the neuroectoderm portion of the neural folds. The protrusive ends of the 419 neuroectoderm cells interdigitate between their contralateral counterparts, forming a rod like 420 structure, the precursor of the telencephalon, which subsequently epithelializes. Once the 421 neuroectoderm cells have met and fused, non-neural ectoderm cells complete their migration 422 and fuse at the dorsal midline. 
Whole-mount in situhybridization 479
In situ hybridization was performed as described [60] . emx3 riboprobe template was 480 generated by PCR amplification using cDNA from 24hpf embryos. 481
482
T7 promoter: TAATACGACTCACTATAGGG 483 emx3 antisense: 484 FWD: TCCATCCATCCTTCCCCCTT 485 RVS: TAATACGACTCACTATAGGGGTGCTGACTGCCTTTCCTCT 486 487
DIG-labeled riboprobes were generated using 2ul of PCR template with the Roche DIG RNA 488
Labeling Kit (T7) (Sigma aldrich, SKU 11277073910) 489 490
Whole-mount imaging 491
Whole-mount imaging was carried out using a Zeiss Axioscope2 microscope. Embryos were 492 imaged in a 2.5% glycerol solution. 493 494
Confocal microscopy 495
Time-lapse microscopy was performed as previously described [61] . Embryos were imaged 496 using a Leica confocal microscope (Leica SP5 TCS 4D) at 15 sec/frame capturing <.5μm of 497 tissue. All fluorescently labeled sections were imaged using a Leica confocal microscope 498 (Leica SP5 TCS 4D). 499 500
Data Quantification 501
Medial-most-p63-positive-domain migration, Figure 3J : For each hemisphere of a tissue 502 section, the distance between the medial-most p63 positive nucleus and the midline was 503 manually scored. For each embryo, measurements were taken from tissue sections ranging 504 along the anterior-posterior axis of the forebrain. 505
506
Deep layer cell morphology measurements, Figure 5 : Cells were manually scored from non-507 projected z-stack images, where cellular outlines were visually determined from the mGFP 508 signal. Cells were labeled as neuroectoderm neural fold cells based on the fan-like pattern of 509 their basal projections in contact with the non-neural ectoderm. All other cells scored were 510
within the morphologically distinct eye vesicle and were labeled as eye field cells. Neural 511 ectoderm neural fold cells and eye field cells are not morphologically distinguishable at the 2 512 somitic stage and thus were not given cell type identities at that developmental stage. 513 514 Medial hinge cell morphology measurements, Figure 6C : Cells were manually scored from 515 non-projected z-stack images of the overlay between the labeled actin cytoskeleton 516 (phalloidin) and nucleus (DAPI, not shown in Figure 6 ) channels. Cellular outlines were 517 visually determined from the phalloidin signal. For the nuclear position measurement (Fig  518   6c3 ), the distance from the dorsal edge of the nucleus to the basal membrane of the cell was 519 scored and divided by the total cell length. 520 521 Cell ratcheting, Figure 7 : Live movie z-stacks for the first 35 minutes (~2-4 somites, n=2) of 522 each movie were max projected and cropped so the midline of the tissue horizontally 523 bisected the image frame. The mGFP signal was then inverted and thresholded to produce a 524 binary image. Measurements for individual cell surface areas were captured using the magic 525 wand tool in ImageJ for every frame (15 seconds) until the cell left the field of view. Plotted on 526 the x-axis is the order of frame measurements (frame 0, frame 1, frame 2,...) divided by the 527 total number of frames for which that cell was scored to standardize between 0 and 1. Plotted 528 on the y-axis, the initial value of each cell's surface area was subtracted from all 529 measurements for that cell to initialize surface area's to zero. The data was binned (n=50) to 530 obtain mean measurements and confidence intervals. Cells that underwent mitosis anytime 531 during the movie were excluded. Cells were labeled as MHP if their surface area centroid 532 from the first frame (t=0) was +-20 μm from the midline with MHP-adjacent cells being 533 labeled as such if their centroid was > +-20 μm from the midline. 534 535 emx3 in situ hybridization measurements, Figure 10C : The distance between the lateral 536 edges of the posterior-most extent of the emx3 domain was manually scored for each 537 embryo. 538 539
Statistical Analysis 540
The Mann-Whitney U test was used for all significance testing. The python function 541 scipy.stats.mannwhitneyu(alternative='two-sided') was used to calculate the test statistic and 542 P-value for each significance test. Graphs were generated using the python Seaborn 
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Transverse sections through the ANP of 5 som control, untreated (a1-a1''), blebbistatin-treated (a2-a2'') and 933 NMIIB MO-injected (a3, a3', a3''). Embryos were double-labeled with phalloidin (F-actin,green) (A-F) and anti- 
